Infrared observations of high-z quasar (QSO) hosts indicate the presence of large masses of dust in the early universe. When combined with other observables, such as neutral gas masses and star formation rates, the dust content of z ∼ 6 QSO hosts may help constraining their star formation history. We have collected a database of 58 sources from the literature discovered by various surveys and observed in the FIR. We have interpreted the available data by means of chemical evolution models for forming proto-spheroids, investigating the role of the major parameters regulating star formation and dust production. For a few systems, given the derived small dynamical masses, the observed dust content can be explained only assuming a top-heavy initial mass function, an enhanced star formation efficiency and an increased rate of dust accretion. However, the possibility that, for some systems, the dynamical mass has been underestimated cannot be excluded. If this were the case, the dust mass can be accounted for by standard model assumptions. We provide predictions regarding the abundance of the descendants of QSO hosts; albeit rare, such systems should be present and detectable by future deep surveys such as Euclid already at z > 4.
INTRODUCTION
In the last few years, IR surveys have revealed a large dust content in quasar (QSO) hosts at high redshift. Recent Atacama Large Millimeter/submillimeter Array (ALMA) observations of systems at redshift z>6 have shown the presence of large dust masses in QSO hosts (Wang et al 2010 (Wang et al , 2011 (Wang et al , 2013 . Their large far-infrared luminosities indicate that vigorous starbursts are present in the centre of these systems, , with star formation rates of the order of ∼ 10 3 M⊙/yr. Moreover, attempts have been carried on to constrain the dynamical properties of such systems; in a few objects, the observed velocity maps have revealed a rotating, gravitationally bound gas component, which made possible an estimate of the dynamical mass (Walter et al. 2004) . The considerable amounts of dust present in these objects is in contradiction with standard scenarios for interstellar dust formation. In fact, dust is expected to be present in little amounts at high redshift, if it is mostly produced in the cold atmospheres of evolved asymptotic giant branch (AGB) a E-mail: fcalura@oabo.inaf.it stars on timescales of a few Gyr (Matsuura et al. 2009 ). At these redshifts, the Universe is still young, and intermediate mass stars (i.e. those with masses 2 ∼ < m/M⊙ < 8 ) are still on the main sequence, hence they did not have enough time to produce considerable amounts of dust grains. This suggests that other dust production sources should be at play to justify the large dust masses observed in high-redshift galaxies, such as core-collapse supernovae (Todini & Ferrara 2001; Maiolino et al. 2006) or dust accretion in molecular clouds (Pipino et al. 2011) . All the observational constraints on the dust content of high-redshift QSOs are of invaluable importance not only for constraining the relative importance of dust production mechanisms in the early Universe, but also for probing the star formation histories (SFHs) and the mass buildup of spheroidal galaxies, a fundamental benchmark for galaxy formation theories. In this paper, we compare the available data of high-redshift QSO hosts with chemical evolution models reproducing the dust content of local elliptical galaxies and their downsizing behaviour, in order to improve our understanding of dust production and of the main parameters regulating star formation (SF) in the early Universe. Our primary goal is to understand, through this comparison, whether the intense starbursts galaxies hosting high-z QSOs may be associated with the progenitors of local ellipticals. Another aim of this work is to assess whether at high redshift, the star formation conditions are similar to those observed in local starbursts, which are known to obey to the popular Schmidt (1959 )-Kennicutt (1998a relation, characterised by a marked correlation between the surface star formation rate (SFR) density and the molecular gas density. Our models can also be useful tools to test the reliability of the dynamical mass estimates from CO and CII emission, to understand the implications for the formation of such objects, for the duration of their starbursts, and finally, their abundance at high redshift and to explore the possibility to detect massive spheroids in the fields of present and future galaxy surveys. This paper is organized as follows. In Section 2, we present our observational dataset. We describe the observations from which the systems studied in this work are drawn, and we present the basic calibrations which allow us to estimate the basic observables. In Section 3, we present our chemical evolution models. We present the basic chemical evolution equations, illustrating the role of a few parameters which will turn out to play a key role in this study. In Section 4 we present our results. In Section 5, we discuss the role of systematics in the observational data set, the main implications of our results and provide predictions for the detectability of the systems associated to the descendants of high-z QSO hosts. Finally, in Sect. 6 we draw our conclusions.
THE OBSERVATIONAL DATASET
We searched the literature and compiled to the best of our knowledge a list of all QSOs at z > 5.7 that have been observed in the far-IR. Fifty-eight high-z QSOs were found, either discovered by the SDSS (e.g. Fan et al. 2006 , Jiang et al. 2009 ), the CFHQS (Willott et al. 2007 ), the NDFWS (Cool et al. 2006) or the UKIDSS (Mortlock et al. 2009 ) survey. The whole object list is shown in Table 1 . Most of the far-IR observations were performed by the IRAM Max-Planck Millimeter Bolometer Array (MAMBO, Kreysa et al. 1998 ) at 250 GHz (1.2 mm); data from ALMA were also available for several objects. Seventeen objects were detected, whose far-IR luminosity LF IR (42.5-122.5 µm) was derived by fitting an optically thin grey-body to their far-IR spectral energy distribution (e.g. Wang et al. 2008) . For most QSOs the flux density at 250 GHz (S250) is the only far-IR datapoint available: in these cases, a dust temperature of T d = 47 K and emissivity index β = 1.6 were assumed (e.g. Wang et al. 2008 Wang et al. , 2010 Wang et al. , 2011a Wang et al. , 2011b Omont et al. 2013) , which are consistent with the average values observed in QSO hosts at z > 2 (Beelen et al. 2006) . When LF IR was not directly available from the literature, we converted S250 (or its 3σ upper limit) into LF IR by using the same assumptions on the gray-body parameters as described above. This leads to the following conversion ):
LF IR(10 12 L⊙) = 2.3 × S250(mJy),
for an object at z = 6.1, which is also accurate to within 6% (i.e. well below the statistical uncertainties) for the whole redshift range of the sample. The SFR and dust mass M d were derived directly from LF IR and are mostly quoted in the literature papers (see Table 1 ). Whenever no such values were reported, we derived them from LF IR as follows: we integrated a grey-body spectrum with T d = 47 K and β = 1.6 to convert the far-IR (42.5-122.5µm) to total-IR (8-1000µm) luminosity (L8−1000 ≡ LIR = 1.4 × LF IR), and then used the relation SF R(M⊙/yr) = 1.74 × 10 −10 × LIR(L⊙) (Kennicutt 1998b). The SFR values or their 3σ upper limits were then obtained from LF IR with the following conversion: SF R(M⊙/yr) = 243.6 × LF IR(10 12 L⊙).
The LF IR-SFR conversion reported in Eq. 2 is generally considered valid in starbursts with ages less than 10 8 yr. In older systems or in galaxies characterised by low-star formation efficiency, the conversion is uncertain due to the presence of evolved stars, contributing to dust heating, a different dust optical depth and the possible presence of an active galactic nucleus (Kennicutt 1998b) . Another source of uncertainty is the assumed stellar initial mass function (IMF), which plays a major role in models of stellar population synthesis, where it is used as weight for the theoretical simple stellar populations, then summed together to synthesize the luminosities of galaxies (Kennicutt 1998b) .
As discussed later in Sect. 5.4, in general, a top-heavy IMF, particularly rich in massive stars, gives place to a larger dust yield per stellar mass with respect to a standard Salpeter (1955) IMF; at fixed star formation rate, this corresponds to a larger LF IR to SFR ratio (see also Rengarajan & Mayya 2004) .
The total dust mass M d is obtained from the relation M d = LF IR / 4πκν Bν (T )dν, where Bν (T ) is the Planck function and κν = κ0(ν/ν0) β is the dust absorption coefficient, we again assumed T d = 47 K and β = 1.6 and κ0 = 18.75 cm 2 g −1 at 125µm (Hildebrand 1983) as commonly used in the literature (Wang et al. 2011 . This leads to the conversion:
For these dust temperature values, typical of FIR and CO luminous quasars (Wang et al. 2011) , no substantial effects of the cosmic microwave background is expected on the derived dust masses and, in case of ideal coupling between dust and gas temperatures, even on the derived molecular gas masses (Da Cunha et al. 2013) . We then searched for any information about the molecular and atomic gas content of these systems, as traced by the CO emission line(s) or the [CII]158µm emission line, respectively. Observations of CO lines were available for 17 objects (either from IRAM PdB, EVLA, ALMA). Twelve objects were detected, for which the molecular gas mass was derived by assuming MH 2 = α × L ′ CO(1−0) , where α = 0.8M⊙(Kkm s −1 pc 2 ) −1 is the CO intensity-to-gas mass conversion factor appropriate for ultra-luminous infrared galaxies (ULIRGs, Downes & Solomon 1998) and L ′ CO(1−0) is the luminosity of the CO(1-0) line expressed as the velocity-integrated brightness temperature times the source area (it has units of Kkm s −1 pc 2 ). When considering the CO(1-0) line luminosity in units of L⊙, L CO(1−0) rather than L ′ CO(1−0) (which are linked by the relation
The dust content of QSO hosts at high redshift 3 tion to convert CO luminosities into molecular gas masses becomes:
To get the luminosity of the CO(1-0) line from the higher-order CO transitions that are observed in these high-z QSOs, the line ratios observed for the z=6.43 QSO J1148+5251 are normally assumed ). Whenever the molecular gas mass is not reported directly from the literature papers, we derive it (or its 3σ upper limit) from the CO line luminosity by using the same conversions as above.
Observations of the [CII]158µm line are also available for 9 QSOs, either from IRAM PdB or ALMA observations; 8 objects have been detected. In order to convert the [CII] line luminosity into an atomic gas mass, we followed Eq.1 of Hailey-Dunsheath et al. (2010) assuming a C + abundance per hydrogen atom of 1.4×10 −4 , a gas temperature of T=200 K, and a gas density n >> ncrit, where ncrit is the critical density of the [CII]158µm transition (∼ 3 × 10 3 cm −3 ). Under these assumptions (see also Maiolino et al. 2012 ) the following conversion holds:
All the MHI values in Table 1 
where i is the inclination angle between the gas disc and the line of sight and D is the disc diameter. We used the conversion above to estimate M dyn sin 2 i for three objects for which it was not reported (except for those showing evidence of complex, disturbed gas dynamics). Since typical disc sizes of a few kpc are now being observed by ALMA at sub-arcsec resolution (1"=5.7 kpc at z = 6 for a concordance cosmology with Ωm = 0.3, ΩΛ = 0.7 and h = 0.7), following previous works (e.g. Wang et al. 2010) we assumed a fiducial size of D=5 kpc for those objects observed at poor angular resolution (see Table 1 ); the effects of assuming a range of sizes will be discussed in Sect. 5.1.
A measurement of M dyn sin 2 i is available for 13 objects; for 7 objects we were able to collect an estimate of M d , MH 2, MHI and M dyn sin 2 i. For the sake of consistency, when discussing both data and model results, by dynamical mass we mean the total baryonic mass, i.e. the sum of the stellar mass and the gas mass. When comparing data with models, we use the dynamical mass estimates reported in Tab. 1 at face value, i.e. we assume that, in general, sin 2 i ∼ 1. For our observational sample, the stellar masses are defined as
where Mgas = MHI + MH 2 , i.e. we neglect the presence of dark matter. The contribution of supermassive black holes and dust to the dynamical mass is minor compared to those of gas and stars, thus it is neglected.
CHEMICAL EVOLUTION MODELS FOR ELLIPTICAL GALAXIES
In this section, we present a brief description of the chemical evolution models used in this work. The models are calibrated in order to reproduce various features of elliptical galaxies, including their local spectral energy distributions (SEDs) and those of their high-redshift counterparts (Schurer et al. 2009; Fan et al. 2013 ). More detailed descriptions can be found in Calura et al. (2008) and Pipino et al. (2011) . In our scheme, elliptical galaxies form from the rapid collapse of a gas cloud with primordial chemical composition. The collapse is assumed to be described by an exponential infall law, with e-folding time τ inf . After the initial collapse, the galaxy is allowed to evolve as an 'open box' into the potential well of a dark matter halo. The rapid collapse triggers an intense and rapid star formation process, which lasts until a galactic wind, powered by the thermal energy injected by stellar winds and SNe (Ia, II) explosions, occurs. At that time, the gas thermal energy equates the gas binding energy and all the residual interstellar medium is assumed to be lost. After that time, the galaxies evolve passively.
In the interstellar medium, the evolution of the fractional mass of the element i, Gi, is described by:
where Gi(t) = Mgas(t)Xi(t)/M lum is the gas mass in the form of an element i normalized to the total luminous mass M lum and G(t) = Mgas(t)/M lum is the fractional mass of gas present in the galaxy at the time t.
The quantity Xi(t) = Gi(t)/G(t) represents the abundance by mass of an element i, with the summation over all elements in the gas mixture being equal to unity. ψ(t) is the star formation rate, i.e. the amount of gas turning into stars per unit time. Ri(t) represents the returned fraction of matter in the form of an element i that the stars eject into the ISM through stellar winds and supernova explosions. This term includes the contribution from single lowand intermediate-mass stars, characterised by initial masses m < 8M⊙, from type II SNe, originating from the explosion of massive stars with initial mass of m > 8M⊙, and from type Ia SNe, for which we assume the single-degenerate (SD) scenario as proposed by Whelan & Iben (1973) . In this scenario, a C-O white dwarf in a binary system accretes mass from a non-degenerate companion until it reaches the Chandrasekhar mass (∼ 1.4M⊙) and explodes via C-deflagration, leaving no remnant. The fraction of stars in binary systems able to originate type Ia SNe is fixed by the present-day type IA SN rate observed in local galaxies (Matteucci & Recchi 2001; Calura & Matteucci 2006) .
In Eq. 8, the two terms (Ġi) inf and (Ġi)out account for the infall of external gas and for galactic winds, respectively. For the infall, we assume an exponential law 
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where X i,inf describes the chemical composition of the infalling gas, assumed to be primordial. The quantity τ inf determines the timescale of the collapse; the values adopted for this quantity are reported in Tab. 2. The SFR (expressed in M⊙/yr) is calculated as:
i.e. it is assumed to be proportional to the gas mass via a constant ν, according to the Schmidt (1959) law. The star formation efficiency ν is allowed to vary as a function of the mass (see Tab. 2), in order to reproduce the inverse wind model of Matteucci (1994) , an earlier version of the "downsizing" behaviour of galaxies. Another fundamental quantity is the stellar initial mass function (IMF), i.e. the mass distribution of stars born in a stellar population. For this quantity, in standard conditions, we assume a simple power law φ(m) ∝ m −1.35 (Salpeter 1955 ). We will also investigate the effect of a Larson (1998) IMF, richer in massive stars and of the form
i.e. a power law modulated with an exponential function. The Salpeter (1955) and Larson (1998) IMF are plotted in Fig. 1 ; the presence of a characteristic mass in the latter is the main feature which distinguishes the two IMFs. In Fig. 1 , we show a Larson IMF calculated with characteristic masses mc = 0.3 M⊙ and mc = 1.2 M⊙. The former value is of the order of the Jeans mass in local star-forming environments (Bate & Bonnell 2005) , whereas the latter value, which implies a top-heavy IMF, i.e. richer in massive stars, Notes: a the value of M dyn sin 2 i is derived in this work using Eq.6. b Disc diameter (see Eq.6) assumed to be D=5 kpc, either here or in the original work. c Disc diameter assumed to be <10 kpc as in the original work. For all the remaining systems, the disc size as measured in the original paper is used. d A broad [CII] component, likely produced by outflowing gas, is found in this object . The mass of the atomic hydrogen reported here is derived from the narrow [CII] component as measured by Walter et al. (2009) . Most measurements of L F IR , SFR and M d are based on a single datapoint at 250 GHz from MAMBO, and therefore heavily depend on our assumed FIR SED with T d = 47 K and β=1.6. For a given flux density at 250 GHz, the values of L F IR (and SFR) would be ∼ 3 times lower if T d = 33 K is assumed instead of T d = 47 K. On the contrary, M dust would be ∼ 2.4 times larger . We therefore remark that significant systematic uncertainties can affect the measurements reported in this Table. A full discussion of systematic uncertainties is presented in Section 5.1
will be used later to study the properties of high-z QSO hosts.
In our chemical evolution models, stellar masses are calculated self-consistlently by taking into account the star formation history and the mass return from ageing stellar populations.
The main features of the models used in this paper are summarised in Tab. 2. In the first column, the name of the model is shown. The second column shows the adopted total baryonic mass of the models. The third, the fourth and the fifth columns indicate for each model, the effective radius, the star formation efficiency and the infall timescale, respectively. Finally, the sixth and seventh columns show the adopted stellar IMF and the dust accretion timescale, respectively. The first three models (M3E10, M1E11 and M1E12) are characterised by standard choices of the basic star formation and dust production parameters and by a standard Salpeter IMF. The models M3E11S, M3E11D and M3E11L present instead non-standard assumptions for the main parameters, such as an enhanced star formation efficiency (M3E11S) combined with an increased dust accretion efficiency (M3E11D) and the additional choice of a Larson (1998) IMF (M3E11L).
Chemical evolution of interstellar dust
We adopt the formalism of Dwek (1998) to describe the chemical evolution of dust grains in the interstellar medium (ISM). More detailed descriptions of this formalism can be found in Calura et al. (2008) and Pipino et al. (2011) . In our models, we assume that only the main refractory ele- Table 2 . Main parameters assumed for our chemical evolution models for elliptical galaxies. ments, C, O, Mg, Si, S, Ca, Fe, are depleted into dust. Dust grains are divided into silicates, which include the elements O, Mg, Si, S, Ca and Fe, and carbon dust, which incorporates only C. Dust grains are first produced by stars and restored into the ISM, in which they can undergo other processes. Stellar dust grains can be produced mostly by two sources: (i) in low and intermediate mass stars, in a cold shell during the AGB phase (Ferrarotti & Gail 2006) ; the composition of dust grains in determined by the C/O ratio in the cold envelope, so that if C/O > 1, carbon dust (or graphite) is produced, whereas if C/O < 1 only silicates are produced. According to the prescriptions of Dwek (1998) used here, a 2 M⊙ star produces up to 0.01M⊙ of C dust, consistent with other estimates from the literature (Dwek & Cherchneff 2011) .
Model name
(ii) Type II SNe, assumed to originate from the core-collapse of single stars of initial mass m > 8M⊙. In these systems, dust grains are ejected into the ISM in fixed fractions of the refractory elements produced and restored (Dwek 1998) . The prescriptions assumed for dust creation in type II SNe are the same as described in Pipino et al. (2011) : a typical 20M⊙ star releases 0.08 M⊙ of dust, compatible with observational constraints from local SN remnants, providing dust masses between 0.01 M⊙ and 0.1 M⊙ (Rho et al. 2009; Barlow et al. 2010; Temim et al. 2012) .
In this paper, we assume that no dust is produced in type Ia SNe. This assumption is supported by model results of nucleation and grain growth in SN remnants, showing that the grains formed in the ejecta are completely destroyed in the hot gas swept up by the SN shocks (Nozawa et al. 2011) , as well as the lack of cold dust in Ia SN remnants as shown by mid-far infrared observations with Herschel (Gomez et al. 2012 ).
Another mechanism for dust production is the accretion, or growth process, which may occur in dense molecular clouds. In our model, we assume that dust grains can undergo accretion on a typical timescale
where G dust,i /Gi is the ratio between the mass fraction of the element i into dust and its interstellar mass fraction. In this process, refractory elements can condensate onto preexisting grain cores. In this work, we assume that grain growth occurs only during the starburst phase. The parameter τ0 corresponds to the typical accretion timescale. This quantity is a complex function of the interstellar metallicity, its density, temperature and of the grain size (Dwek 1998; Kuo & Hirashita 2012) .
As default assumption, here we adopt τ0 = 0.01 Gyr, as assumed also in Pipino et al. (2011) , a value which is shorter than (but of the order of) the typical local molecular cloud lifetime in nearby galaxies (20-30 Myr, Fukui & Kawamorua 2010) . However, during the starburst phase, the conditions for star formation in proto-spheroids could be considerably different than in local SF regions of disc galaxies. The role of this parameter in determining the amount of dust in QSO hosts and its implications will be studied later in Sect. 5.3. In this paper, we assume that a negligible amount of dust is produced in the broad line regions of the QSO (Elvis et al. 2002) . In fact, as shown by Pipino et al. (2011) , the cumulative dust mass produced by the QSO is three orders of magnitude lower than the cumulative effect of the dust growth, which is the major source of dust production in our model.
In our model, dust grains can also be destroyed by SN shocks, on a timescale τ destr = ξ −1 Mgas/RSN , where RSN represents the total type Ia+II SN rate (Dwek 1998; Calura et al. 2008) . The quantity ξ depends on the mass MSNR of the ISM swept by the SN remnant and on an average efficiency ǫ, which assumes the value ǫ = 0.2 in a threephase medium, which consists of a cold neutral medium, a warm interstellar medium and a hot medium (McKee 1989) . As suggested by McKee (1989) , we thus assume
In Fig. 2 we show, in clockwise sense starting from the top-left panel, the star formation histories, the evolution of the dust mass, of the dynamical mass, the gas-to-dynamical mass ratio, the gas mass evolution and the metallicity (here traced by [O/H] b ) as a function of time for the most representative models during the starburst phase. In the standard b In Fig. 2 , the quantity [O/H] is defined as
where (O/H) and (O/H) ⊙ represent the interstellar and solar models (M3E10, M1E11 and M1E12), the downsizing is visible from the more extended SFHs in the less massive systems. The star formation is assumed to stop as soon as the conditions for the onset of the galactic wind are met, i.e. when the thermal energy of the ISM balances its binding energy.
The model M3E11L assumes a higher star formation efficiency, a higher dust accretion efficiency and a top-heavy IMF, which results in the shortest starburst duration, in the quickest buildup of the dust mass and in the steepest decline of the gas-to-mass ratio.
In each model, the dynamical mass M dyn grows with cosmic time to reach a value corresponding to the one adopted for the total baryonic mass M lum , reported in Tab. 2. The growth is driven mainly by the e-folding time of the exponential infall law, which regulates the amount of gas available for star formation. More massive systems have smaller infall timescales, as shown in Tab. 2, hence they experience a steeper growth of M dyn as a function of time.
A striking feature of Fig. 2 is the evolution of the interstellar metallicity of model M3E11L which, after ∼ 0.3 Gyr, is more than 0.5 dex higher than that of the models assuming a Salpeter IMF. In principle, the measure of the interstellar metallicity in star-forming objects, already detectable through deep near-IR spectroscopy in systems at z > 3.5 (Maiolino et al. 2008) , offers a unique way to test the initial mass function of high-redshift galaxies.
RESULTS
In Fig. 3 , we show various plots involving the observables presented in Tab. 1. Starting from the top-left panel of Fig. 3 , in clockwise sense, the observed relation beween the dust mass and the gas mass, dust mass and dynamical mass, dust mass and stellar mass, SFR and dynamical mass, SFR and gas mass, and gas mass and dynamical mass for the set of QSO hosts are shown, compared with results from the chemical evolution models presented in Sect. 3.
In each plot, the data are divided in three groups: (i) the data with no information for the quantity on the x-axis and with an upper limit for the quantity on the y-axis (light-grey hatched regions); (ii) the data with no observation for the quantity on the x-axis and with a detection for the quantity on the y-axis (dark-grey shaded areas), and (iii) the data with both quantities available on the x-and y-axis (open squares), bearing an arrow in the case of upper limits or an error bar
We assume Mgas = MHI +MH2 and, when either the HI or the H2 mass is not available, we assume MH2/MHI ∼ 5, corresponding to the average value in those systems where both quantities have been measured.
The three solid lines are the results calculated for our models of elliptical galaxies. In these models, no special assumptions are made regarding the stellar IMF or dust production, i.e. a Salpeter IMF is assumed and the prescriptions regarding dust production are those described in Pipino et al. (2011) . In each panel of Fig. 3 , the dashed lines crossing fraction of O with respect to H, respectively. Solar abundances are from Grevesse et al. (2010) . the solid curves represent isochrones at 0.1 (blue) and 0.5 (cyan) Gyr.
As expected, the curves for the standard models are contained within the grey shaded areas, with the exception of the model for the most massive galaxy. For this model, the gas mass and dust mass values appear larger than the ranges enclosed within the shaded boxes.
As far as the dynamical mass is concerned, we remind the reader that in Fig. 3 and in the following, what we really plots is M dyn /sin 2 i. As discussed in Sect. 5.1, for some systems this may represent an underestimate of their true dynamical mass.
As far as the observations are concerned (open squares in Fig. 3 ), we note that the intermediate-mass model (M1E11) encompasses a gas mass and dynamical mass range which include all the observed data. However, both the predicted dust masses and SFRs are lower with respect to the observed range. To quantify this discrepancy, we can compare the mean observed dust mass for the systems with observations, < M d >= 4 · 10 8 M⊙, with the maximum dust mass of the M1E11 model, < M d,max >= 2.4 · 10 8 M⊙. The discrepancy between the maximum SFR value characterising model M1E11 and the observations (excluding the upper limits) is even larger, by a factor of 5.
On the other hand, both the dust masses and the SFRs obtained for the most massive model (M1E12) are compatible with the values of the detections, however the correct dust masses and SFRs are reproduced at gas and dynamical masses higher than the observations. This feature is visible for instance in the M dust − Mgas, SFR-M dyn , and M dust − Mstar plots.
In the Mgas − M dyn plot, for most of the observed systems the agreement between model results and observations is acceptable.
The SFR-Mgas plot is a probe of the validity of the Schmidt-Kennicutt relations, which links SFR and H mass. In fact, it is easy to show that the common model assumption for the dependence of the SFR on the gas mass
implies ψ(t) ∝ ρ N , where ρ is the gas density on galactic scale, and with N ∼ 1.5 (after having assumed a constant scale height for any galaxy), as shown empirically by Kennicutt (1998) in local star forming galaxies. It is important to stress that the SFRs and gas masses of this plot represent the volumetric values, i.e. they refer to the total star formation rate and the total gas mass (i.e. the sum of MHI , calculated from Eq. 4, and MH2, calculated from Eq. 5 of Tab. 1) , and not to the corresponding projected quantities, which are commonly observable in local galaxies (see Krumholz et al. 2012) . As discussed in Sect. 5.1, the molecular gas mass could be underestimated if a Galactic L ′ CO(1−0)
to MH 2 conversion factor were used (Riechers et al. 2006) ; in this case, the observational points would move towards the standard model curves.
For a fair comparison with the projected, local Kennicutt (1998a) law, which can be determined for extended (i.e. non point-like) objects, one has to divide these SFRs and gas Figure 3 . Clockwise, from top-left: dust mass versus gas mass, dust mass vs dynamical mass, dust mass vs stellar mass, gas mass vs dynamical mass, SFR vs gas mass and SFR vs dynamical mass as observed in the sample of high-redshift QSO hosts and as predicted by chemical evolution models for elliptical galaxies. In Each panel, the light-gray hatched areas with an inscribed arrow enclose the systems which come without any information on the quantity plotted on the x-axis label, and with an upper limit for the y-axis quantity. The dark-gray shaded areas enclose the the systems without any information on the quantity plotted on the x-axis label, and with an observation for the y-axis quantity. The open squares represent the observations, plotted with an arrow if one of the x-or y-axis quantity represent upper limits, or with an error bar if only either their HI mass or only their H2 mass have been detected. If only the H I mass is available, the error bar extends to a H mass value corresponding to 6 times the H I mass, representing to the median M H /M H I . In the plots including the dynamical mass, we remind that what we really plot is M dyn/sini 2 . The dot-dashed straight line in the Mgas-M dyn plot is where any system with Mgas=M dyn would lie. The long-dashed straight line in the SFR-Mgas plot represents a model with a star formation efficiency ν = 60 Gyr −1 . The dark red, orange, and yellow solid lines represent our results for the M1E12, M1E11 and M3E10 model, respectively. Finally, the blue and cyan short-dashed lines represent model isochrones at 0.1 and 0.5 Gyr, respectively. masses by a typical surface. This issue will be discussed in more detail later in Sect. 5.2.
The discrepancy between the observed SF R − MH relation and the theoretical one implies that the systems with observations seem to be forming stars more efficiently than our three standard models. A similar conclusion can be drawn from the comparison of the SF R − M dyn relation as observed in the dataset of Tab. 1 and as predicted by our model; for the bulk of the systems with observations, at dynamical mass values corresponding to those determined for the QSO hosts, our standard models tend to underestimate the SFRs.
As a final note, as stated in Sect. 2, in this work we are assuming a negligible contribution of dark matter to the dynamical mass budget. The presence of dark matter would exacerbate the discrepancy between data and theoretical predictions. In quantitative terms, for a baryon-todark matter ratio of the order of 20% (Fukugita & Peebles 2004) , in the M dust − M dyn plot the model curves would be shifted towards larger masses by ∼ 0.7 dex.
Effects of star formation efficiency and IMF on dust production
For the systems where observations are available, the observed dust mass and SFR values are underestimated by our models presenting dynamical masses and gas masses comparable to the observed values. This fact opens up the possibility for non-standard star forming conditions high-z QSO hosts. In this section, we attempt to quantify the effects of the variation of the main SF and dust production parameters on the main observables discussed in this paper.
In Fig. 4 , we show the observed data and the results from three different models, each one bearing some changes in the main SF and dust production parameters. The magenta dotted lines are the results of a model with a total baryonic mass of 3E11 M⊙ and with a SF efficiency increased to the value ν = 60 Gyr −1 . The cyan solid lines represent a model with both an increased SF efficiency and a decreased dust accretion timescale τ0 = 0.002 Gyr (model M3E11D in Tab. 2), which corresponds to larger dust accretion rates, as visible in Eq. 12. Finally, the blue dashed lines are for a model with SF efficiency and τ0 as above (model M3E11L in Tab. 2), but which assumes a modified IMF as suggested by Larson (1998) , richer in massive stars with respect to the standard Salpeter (1955) IMF. In this case, we have assumed a characteristic mass mc of 1.2 M⊙. An enhancement of the star formation is required by the SFR vs Mgas and SFR vs M dyn plots, where the new star formation efficiency helps to improve considerably the agreement between model results and data. However, the only increase of the SF efficiency does not automatically imply that the dust content will be completely accounted for; in fact, as the M dust -Mgas and M dust -M dyn plots suggest, a higher SF efficiency alone causes a low dust content; this happens because of the higher SN rates, which lead also to higher dust destruction rates, as discussed in Sect. 3.1.
The only way to compensate this effect is by decreasing the typical grain accretion timescale, boosting the accretion rate: with the value of τ0 = 0.002, the disagreement between models and data is slightly reduced.
This assumption is a rather extreme one, since it implies a dust growth efficiency an order of magnitude higher than the typical value in the solar neighbourhood (Calura et al. 2008) . A further increase of the dust content is achievable by assuming a top-heavy IMF as suggested by Larson (1998) . This assumption results in an enhanced metal production and hence higher rates of production also for stellar dust, as will be discussed in Sect. 5. With a Larson (1998) IMF, the dust content of the systems with detections appears reasonably accounted for. Fig. 5 shows the dust-to-gas ratio as a function of the gas mass and of the dynamical mass as observed in our dataset of QSO hosts and as predicted by our models. In the figure, the top panels show the predictions obtained with our 'standard' models M3E10, M1E11 and M1E12, whereas the bottom panels of Fig. 5 show instead our predictions obtained with models M3E11S, M3E11D, and M3E11L.
Most of the observed systems show oversolar dust-togas ratios; our models with a Salpeter IMF and with standard assumptions for dust tend to underestimate the observed dust-to-gas ratios. The assumption of an enhanced star formation efficiency, a more efficient dust condensation and a top-heavy IMF helps alleviating the discrepancy between model results and observations in the M dust /MgasMgas plot. Such assumptions are instead not enough to account for the M dust /Mgas-M dyn relation. More extreme assumption for the IMF and higher values for mc do not allow to further reduce this tension since in our models, with values for mc higher than 1.2 M⊙, the increased SN feedback triggers an early outflow and halts the star formation at times earlier than 0.1 Gyr, when the dust content is orders of magnitude lower than the values observed in our dataset.
To summarize, the study presented in this section outlines that, in order to account for the dust budget and for the star formation rates observed in high-z QSO hosts, major modifications of a few fundamental parameters are required, i.e. an enhanced star formation efficiency, an increased dust growth efficiency and a top-heavy IMF. Further implications of these assumptions and possible physical motivations are discussed later in Sect. 5.
There is also the possibility that for some systems, the c -RAS, MNRAS 000, 1-22 Figure 5 . Top-left panel: dust-to-gas ratio versus gas mass as observed in our dataset (open squares) and as calculated with our models. From left to right, the three solid curves represent the results of our models M3E10, M1E11 and M1E12. Top-right panel: dust-to-gas ratio versus dynamical mass; symbols and curves as above. The bottom-left and bottom-right panels show the dust-to-gas ratio versus gas mass and versus dynamical mass, respectively, as observed and as calculated with our models M3E11S (purple dotted line), M3E11D (cyan solid line), and M3E11L (dashed blue line). In each panel, the dot-dashed straight line represents a determination of the dust-to-gas ratio in the local Milky Way disc (Issa et al. 1990 ).
estimated gas mass and the dynamical mass may represent a lower limit. This will be the subject of the next section.
DISCUSSION
All the quantities studied in this paper are affected by some important uncertainties and systematics effects, which need to be taken into account for a fair comparison with model results. On the other hand, from the the theoretical point of view, as seen above in Sect. 4, a few main parameters of our models play a fundamental role in determining the star formation properties and the dust content of forming spheroids. An enhanced star formation efficiency is required in order to account for the high SFR values at low gas masses as observed in high-z QSO hosts. Moreover, a high dust growth efficiency is needed to account for the large dust masses observed in such systems. Even the stellar IMF plays a fundamental role: an IMF more skewed towards massive stars than the local one implies higher rates of metal production, consequently a larger rate of CC SNe and of both dust production and destruction.
In this section, we first discuss a few observational uncertainties affecting the data. In the remainder of the section, we discuss instead some important implications of our results for the main model parameters analysed in this work. We conclude the section by providing predictions on the detectability of the lower redshift descendants of the z = 6 QSO hosts.
Main uncertainties and possible systematics in the data
Some of the observables studied in this paper are affected by a few major sources of uncertainty which need to be pointed out, and which could be explained by our models even without invoking non-standard assumptions for the main parameters. As discussed in Wang et al. (2013) , the dynamical mass is estimated by means of the [C II] and CO line emission, assuming that the gas within the emitting region is gravitationally bound and rotating, i.e. it lies onto a disc. In these conditions, the dynamical mass can be estimated as
where D is the diameter of the disc and vc is the maximum circular velocity. First of all, if some of the systems were not in rotational equilibrium, the observed velocity would be rather associable with a velocity dispersion (Tacconi et al. 2006 (Tacconi et al. , 2008 Riechers et al. 2008; Engel et al. 2010) . In this case, the dynamical mass would be an overestimate of the real value, owing to non-rotational contributions to the detected velocity (Coppin et al. 2010 ). In addition, some of the systems for which we fixed the disc diameter to 5 kpc could have a smaller size, hence producing a smaller dynamical mass (see Eq.6). Wang et al. (2013) Figure 6 . Star formation surface density Σ SF R as a function of the gas surface density Σgas as observed in high-z QSO hosts (solid squares) and as obtained with our models M3E10 (yellow solid line), ME11 (orange solid line), ME12 (dark red solid line), M3E11D (blue dotted line). The thin, grey lines encompass the values derived by Krumholz et al. (2012) in local star forming galaxies and in local and high-redshift starbursts. To enable the comparison between high-redshift systems and the local relation, the star formation rates and gas masses of the QSO hosts are divided by a representative surface value A = πD 2 , where D is of the order of a few kpc as our fiducial size of the CO emitting region (see Sect. 2).
indeed observed a disc diameter range of 3.3-5 kpc for four z ∼ 6 QSOs observed at sub-arcsec resolution with ALMA c . Assuming, as found by Wang et al. (2013) , that D∼ 3.5 kpc in about half of the objects where we assumed D=5 kpc, this would reduce the M dyn sin 2 i estimate by a factor of ∼ 1.4 in only three objects out of 13 for which M dyn sin 2 i is available. This small systematic uncertainty is not likely to bias our results significantly.
However, there are also several reasons for which the real dynamical masses could have been underestimated.
First of all, in principle, the detected emission could allow one to trace only the brightest, innermost regions of the QSO hosts. If, for some systems, a non-negligible amount of the gas were distributed around this central region and characterized by a low surface brightness, its detection would be problematic and the dynamical mass could be severely underestimated. For this reason, the different angular scales over which the gas and dust content are measured is a source of concern. Indeed, most FIR (dust) measurements come from MAMBO at an angular resolution of 11 arcsec (∼ 60 kpc at z=6), while PdB and ALMA observations of CII and CO lines have even sub-arcsec resolution. All measurements by MAMBO, however, are unresolved, and, in the few cases where both MAMBO and ALMA continuum observations were available together with ALMA CII emission (Wang et al. 2013) , it was shown that all the dust emission measured by MAMBO on scales < 60kpc is in reality co-spatial with the gas within a few kpc region.
However, recent CO observations found no evidence for extended reservoirs of low-surface brightness molecular gas beyond the compact nuclear region of high-z QSO host galaxies (Riechers et al. 2006 (Riechers et al. , 2011 . On the other hand, a low surface brightness component is found in some submillimetre-selected galaxies at z = 2.2 − 2.5 (Ivison et al. 2011) , outlining the possible existence of large non-starforming molecular gas reservoirs beyond the star-forming region.
In addition, the conversion factor α used to derive molecular gas masses from measured CO emission is generally valid in star-forming galaxies similar to local ULIRGS/starbursts (Downes & Salomon 1998) . If a faint extended component were present, i.e. if a value for α more appropriate for Milky-Way like galaxies were used, the estimated H2 mass would be larger.
As far as our systems are concerned, there is a possibility that the CO emission could be more extended than the [C II] emission. This cannot be ruled out, e.g., for J1148+5251, based on existing observations (Walter et al. 2009; Riechers et al. 2009) .
If this were the case of our systems, i.e., by taking into account a substantial contribution of undetected gas in the gas mass estimate, the observed SFR-Mgas relation would move towards the region occupied by our standard models, without requiring a SF enhancement as for model M3E11S. However, the contribution of this non-star forming gas to the dynamical mass would leave less room for the stellar masses as calculated by means of Eq. 7, hence the dust yield per unit stellar mass required to explain the large dust masses in the M dust -Mstar plot would be even larger, exhacerbating the discrepancy between data and models.
Another major source of uncertainty is the inclination angle of the disc component. If a rotating disc is present in the observed system, the true observable to determine the dynamical mass is vc ∝ 1/sin i (Wang et al. 2010) , where i is the inclination angle of the disc with respect to the line of sight. As reported in Tab. 1, the directly derived quantity is then M dyn sin i 2 ; the estimated inclination angles indicate values 24 o ≤ i ≤ 56 o , implying modest corrections to the dynamical masses (Wang et al. 2013 ). For comparison, for randomly inclined galaxy discs one would expect an average inclination i = 30 o (Coppin et al. 2010) . In a few systems, the inclination angle has been recently estimated from the [C II] minor and major axis ratios, which still have large uncertainties (Wang et al. 2013 ). However, in other systems, the possibility of small inclination angles cannot be completely ruled out, and this could cause the dynamical mass to be considerably underestimated.
Each of these sources of uncertainty in the observationally derived gas masses and dynamical masses could be a possible reason for the discrepancy between the results of our standard models and the data. If for some systems the atomic gas masses or the molecular gas masses represent underestimates of the total amount of star-forming gas, their SFR values and dust masses should not be compared with our intermediate mass model 1E11, but with a more massive one. Interestingly, for the systems characterised by detections, the dust masses and SFR values of our most massive model 1E12 are compatible with the observed ranges; however, this model would be a faithful description of the high-z QSO hosts only if, for most of them, the gas and dynamical masses had been underestimated by a factor of ∼ 10. It is also worth to stress that in this case, no modification of the IMF, SF efficiency or dust growth timescale would be required. Even if it is unlikely that such a large underestimation of the masses may affect all the systems of Tab. 1, the possibility that it could concern a non-negligible fraction or even the majority of the dataset cannot be completely excluded.
Moreover, we note that most measurements of LF IR, SFR and M d in our sample are based on a single datapoint at 250 GHz from MAMBO, and therefore heavily depend on the assumed FIR spectral energy distribution (SED). As discussed by Omont et al. (2013) , for a given flux density at 250 GHz, the values of LF IR (and SFR) would be ∼ 3 times lower if T d = 33 K is assumed instead of T d = 47 K. On the contrary, M dust would be ∼ 2.4 times larger. Other systematics could affect the estimate of the dust masses: incorrect calibrations for conversion factors between IR luminosities and dust masses could lead mainly to overestimate the dust content of high-z starbursts (Mattsson 2011) , possibly owing to an higher average dust emissivity (Santini et al. 2010) . Also the SFR values could be overestimated, mostly owing to dust grain heating by sources different from massive stars, such as an active galactic nucleus (AGN, see Omont et al. 2013) ; no significant contribution is however expected at 250 GHz. At present, measures of the AGN contribution to the dust continuum in high-z systems are being planned with ALMA (Wang et al. 2013 , Gilli et al. 2013 . In principle, also intermediate-age stellar populations could contribute to the FIR emission, as occurs in IR luminous galaxies at z < 2 (Lo Faro et al. 2013) . However, given the likely young age of the systems studied in this paper, we do not think that their presence can provide an important contribution to the mid-far infrared flux. Moreover, the denser environments and the different physical conditions of high-z starbursts could render the local calibrators unsuited to derive the SFR at high redshift (Fan et al. 2013 ).
The star formation efficiency
The systems studied in our paper are forming stars with particularly high efficiencies, even higher than what implied by the basic scaling relations of the most massive local ellipticals in which, to account for the observed integrated [α/Fe]-stellar mass relation, SF efficiencies of the order of ∼ 20 Gyr −1 are required (Pipino et al. 2011 and references therein). The implied star formation timescales (see Fig. 2 ) are less than half the values commonly believed as typical for spheroids of comparable final stellar mass (∼ 10 11 M⊙) i.e. approximately 1 Gyr (see Renzini 2006; Lapi et al. 2011 and references therein).
The self-regulating nature of the star formation process can be appreciated even in extreme conditions as in these systems: despite their very large SF surface densities (Walter et al. 2009 ), stars cannot form much more rapidly than they currently are without removing the remaining gas due to radiation pressure, hence without quenching the SF activity.
In this section, we aim at assessing whether the systems studied in this paper can still be considered as part of a universal star formation sequence implied by the KennicuttSchmidt law as derived in local and distant discs and starbursts (Krumholtz et al. 2012) , which seems to hold up to high redshift and be valid for systems presenting a large range of densities and star formation rate values (Bouché et al. 2007; Krumholtz et al. 2012) . By dividing the star formation rates and gas masses by a representative surface value A = πD 2 , where D is of the order of a few kpc as our fiducial size of the CO emitting region (see Sect. 2), we can switch from a 'volumetric' star formation law to a 'projected' one, which is more easily comparable with the Kennicutt (1998a) law observed in local star-forming galaxies. Our projected model SF rates as a function of the gas surface densities are reported in Fig. 6 , together with a local SF law encompassing a large variety of star forming systems at low and high redshift (Krumholtz et al. 2012) . As far as the observational sample of Tab. 1, here we limit our analysis only to the systems with detections for both the gas mass and the SFRs. Fig. 6 shows that the SF efficiencies assumed for models M3E10, M1E11, M1E12 produce SF rates which agree with a local, projected star formation law. On the other hand, most of the observational data and our model M3E11S lie on the extreme upper edge of the univer-sal star formation law as derived by Krumholz et al. (2012) . This may be regarded as the result of a selection effect, since our sources are selected mostly on the basis of their high FIR luminosity. Notwithstanding this aspect, Fig. 6 shows also that most of the observational data lie within the scatter of the universal Kennicutt-Schmidt SF law as derived by Krumholz et al. (2012) .
A very high star formation efficiency in large spheroids, such as the one assumed here for our model M3E11S, is explainable in galaxy evolution models taking into account a positive (i.e. boosting SF) feedback produced in the early stages of supermassive central black hole growth (Silk 2005; Ciotti & Ostriker 2007; Pipino, Silk & Matteucci 2009 , Silk & Norman 2009 ). In such a model, SF is triggered coherently and rapidly by a SMBH jet-induced hot plasma cocoon, which sweeps up and over pressures cold clouds (Silk 2005) . The instabilities caused by a broad jet propagating into an inhomogeneous ISM leads cold clouds to shock and disperse into filaments (Krause & Alexander 2007; AntonuccioDelogu & Silk 2008) . Over time, more and more gas condenses into the cold phase and fragment into small stable cloudlets, which may host SF (Mellema et al. 2002; Fragile et al. 2004 ). The overall feedback to SF is positive, and the interaction of the outflow with the surrounding protogalactic gas at first stimulates SF on a time-scale which is much shorter than the one required by negative feedback from SNe to take place. Such a scenario is supported by evidence for jet-stimulated SF in high-z systems (Bicknell et al. 2000; Venemans et al. 2004) , followed in at least one case by a starburst-driven superwind (Zirm et al. 2005) . At lowredshift, an example of jet-induced starburst is Minkowski's object (van Breugel et al. 1985; Croft et al. 2006) .
One might ask how could a scenario where star formation is enhanced by the presence of an AGN be reconciled with the existence of galaxies observed at z > 6 showing similar SFRs and without evidence for a luminous AGN (e.g., Riechers et al. 2013) . According to recent studies based on numerical simulations and taking into account AGN-induced star formation, the effects of the SF enhancement may last for timescales up to 10 times longer than the duration of the AGN activity (10 6 -10 7 yr, Zubovas et al. 2013) . Because of the short duration of the AGN phase, the jet-induced SFenhancement may be more common than the detections of systems presenting simulaneously a starburst and an AGN.
The enhancement of the SF could also be caused by merging activity, in this case without requiring a positive AGN feedback (Valiante et al. 2011; Khandai et al. 2012) . In this scenario, one major difficulty is to explain the undisturbed morphologies as visible in a large fraction of the systems observed at z ∼ 6 (Wang et al. 2013 ): the last major merger triggering the starburst must date back enough to allow the systems to relax and present an undisturbed velocity profile. Another major difficulty of explaining the properties of the most massive QSO hosts at z ∼ 6 by means of mergers, in particular within LCDM galaxy formation, is that LCDM-based models generally tend to underpredict the rate of merging, hence the abundance, of massive galaxies at high redshift (Conselice 2006) . Moreover, within the same scenario, various results have shown that a strictly negative feedback of the AGN is not enough to accelerate the gas consumption timescales enough to account for the basic scaling relations of elliptical galaxies outlining their marked anti-hierarchical mass buildup, such as the [α/Fe]-mass relation (Pipino et al. 2009b; Calura & Menci 2011; Yates et al. 2013) . It seems instead that a positive effect of the AGN feedback, quickening the star formation timescales in the most massive systems, is fully compatible also with the 'downsizing' character shown both by distant galaxies (Cowie et al. 1996; Kodama et al. 2004 ) and by the archeological record of the stellar populations of local early-type galaxies (Matteucci 1994) . At present, growing evidence is emerging that secular processes may naturally lead to significant AGN and starburst activity, even in absence of external phenomena such as galaxy merging (Genzel et al. 2008; Ciotti & Ostriker 2012 and references therein).
Implications for dust production at high redshift
Large dust masses characterise not only the QSO hosts studied in this paper, but also dusty starbursts at z > 6, which may be as common, and may contain even more dust (e.g., Riechers et al. 2013) . To explain the large dust content of high-z starbursts, rather extreme model assumptions are required. As discussed above in Sect. 5.2, a high star formation efficiency implies large SN rates, hence large dust destruction rates. In order to enhance the dust production and account also for the dust masses at low gas and dynamical masses, a viable solution is to decrease the dust accretion parameter τ0, i.e. increasing the dust growth efficiency.
In principle, this quantity should be a complex function of various parameters related to the micro-physics of dust grains, such as the grain size, the local cloud temperature and density, and the interstellar metallicity (see Dwek 1998; Zhukovska et al. 2008; Pipino et al. 2011; Kuo & Hirashita 2012) . A single-zone, single-phase model such as ours does not allow us to have a deep insight into the true dependence of τ0 on each of these parameter. However, our models are useful to roughly constrain this parameter and to test whether a value suited for the local dust budget is acceptable also for high-z systems, likely characterized by significantly different physical conditions. Our models show that, if very high star formation efficiencies need to be assumed for high-z QSO hosts, a value for τ0 of the order of ∼ 0.01 Gyr, i.e. a factor of 2 shorter than the local typical molecular cloud lifetime, is not sufficient to account for their dust content. Acceptable results are instead achieved assuming τ0 = 0.001 Gyr, i.e. an order of magnitude smaller than the one assumed in chemical evolution models designed to reproduce the properties of local galaxies. This assumption is supported by other theoretical attempts to model the dust content of galaxies. Sophisticated models including a treatment of the grain size distribution and physical processes such as shattering (Kuo & Hirashita 2012) and coagulation (Asano et al. 2013) indicate that the grain size has an important effect on the grain growth. In particular, at extreme star forming conditions such as in high-z starbursts, turbulence-driven collisions between grains moving at high velocities could render grain shattering very efficient, with the production of large numbers of small grains. The grain growth rate is an increasing function of the surface-to-volume ratio of the dust grains: an efficient shattering increases this ratio, enhancing the accretion process (Kuo & Hirashita 2012) . According to these results, a shorter accretion timescale in starbursts could then be explained by a particularly large abundance of small grains. However, this is in contrast with the flat extinction curves derived from optical-near infrared spectra of high-z QSOs (Gallerani et al. 2010) , implying an overabundance of large grains. However, in this case an enhancement of dust growth could be due to larger cloud densities. In fact, as mentioned in Kuo & Hirashita (2012) , also larger average particle densities in high-z molecular clouds are likely to decrease the accretion timescales, as well as the supersolar metallicities which may characterise some QSO hosts (D'Odorico et al. 2004) . Various groups attempted to study the dust content of highz QSO hosts by means of theoretical models, usually finding that several sources could be responsible for their large dust content. Dwek & Cherchneff (2011) point out that also AGB stars may have given an important contribution to the dust mass of QSO hosts at z ∼ 6, but only after ages of ∼ 0.4 Gyr, showing that ad-hoc star formation histories can be conceived where even type II SNe could be regarded as important dust producers. However, the dust yields per unit stellar mass required by the large dust content of z ∼ 6 QSOs are probably too high even for a top-heavy IMF (Michalowski et al. 2010) . Most of the previous attempts to reproduce the dust masses of high-z starbursts support a basic need for an alternative mechanism to stellar dust production (Pipino et al. 2011; Valiante et al. 2011; Mattsson 2011) , unless a non-standard stellar mass function is assumed (Gall et al. 2011) .
The role of the stellar initial mass function
Another fundamental parameter in chemical evolution models is the stellar initial mass function, which could be different from the local one in environments characterized by peculiar physical conditions, such as high-z starbursts. Larson (1998) presented a list of circumstantial evidence supporting the possibility of a high-z IMF more skewed towards massive stars with respect to the local one. First of all, the cosmic microwave background temperature is a linear function of redshift; consequently, its value at redshift z ∼ 6 could be higher with respect to local by up to a factor of ∼ 7. This temperature sets the minimum molecular cloud temperature; a larger value for this quantity implies a larger Jeans mass, hence larger stellar masses if the latter can be regarded as a characteristic mass in the star formation process (Narayanan & Davé 2012) . Furthermore, larger average molecular cloud masses can also be explained by a less efficient cooling at lower metallicities and by means of a particularly intense UV radiation field. Also the 'G-dwarf' problem, i.e. the overabundance of low-metallicity stars predicted by closed-box chemical evolution models using a standard IMF, may be partially alleviated with the assumption of an IMF poor in low mass stars, even though other realistic solutions could be proposed, such as an infall of pristine gas. Other indirect evidence involve the observed evolution of the optical luminosity density, which may be underestimated using a normal IMF if dust extinction is taken into account. Also the far-infrared background radiation seems to be explainable by means of a bimodal star formation with an enhanced formation of massive stars in high-z starbursts (Dwek et al. 1998) , as well as the discrepancy between the observed present-day stellar mass density and the integral of the comoving star formation rate density (Wilkins et al. 2008; Davé 2008) .
Although no direct, ultimate proof for a different IMF in the early Universe can be found, a top-heavy IMF offers a tantalizing explanation also for the large dust masses observed in high-z starbursts (Gall et al. 2011) . In this paper, we have considered the effects of a Larson IMF with a characteristic mass mc = 1.2 M⊙, larger than the local Jeans mass (MJ ∼ 0.3 M⊙, Bate & Bonnell 2005) . The IMF assumed for model M3E11L produces a sufficient enhancement in dust production to account for the dust masses observed in high-z QSO hosts. The reason may be understood by looking at Fig. 7 , where we show the dust production and destruction rates calculated assuming both a Salpeter and a Larson IMF. The use of a Larson IMF yields an increase of the production of both carbon and silicates grains with respect to a Salpeter, accompanied by an increase of the destruction rates, owing to considerably larger core-collapse SN rates. However, in our model, with a Larson IMF also the dust growth rate increases, as visible by the comparison between the growth time scales achieved in the two cases (Fig.7 , bottom-right panel). The larger dust accretion rates obtained with a Larson IMF may be explained with lower fractions of refractory elements into dust, due primarily to more efficient dust destruction by SNe. Even if the choice of a Larson IMF enhances the metal and dust production, the dust-to-metals ratio decreases, and this causes shorter dust accretion timescales. Dwek et al. (2011) have stressed the non-uniqueness of a solution invoking a top-heavy IMF for reproducing the dust content of high-z starbursts, outlining the role of other mechanisms, including the relative balance between the dust destruction and the dust growth efficiencies, in determining the dust content of high-redshift galaxies. The same authors have outlined how a reliable determination of the stellar mass may help limiting the space of the parameters, in particular the role of the IMF. An estimate of the stellar mass via SED fitting is feasible for high-z starbursts around obscured QSOs (Gilli et al. 2013) . As seen in Fig 2, a top-heavy IMF as the one assumed here has a deep impact also on the interstellar metallicity. In principle, the detection of emission lines of interest for the determination of the metallicity, such as [OIII], Hβ, [OII] could help achieving fundamental constraints on the IMF in high-redshift systems.
Implications for the SMBH-stellar mass ratio
As discussed in Wang et al. (2013) , there are currently more than 60 systems at z ∼ 6 for which it has been possible to derive reliable estimates of the mass of the central supermassive black hole (SMBH). In general, SMBH masses range from 10 8 up to 10 10 M⊙ Jiang et al. 2007; Willott et al. 2010a; De Rosa et al. 2011) , suggesting efficient black hole accretion within 1 Gyr after the Big Bang .
The dynamical masses estimated from CO in high-z starbursts imply mass ratios between the central SMBHs and the spheroidal bulge an order of magnitude higher than the mean value found in local spheroidal galaxies (Walter et al. 2004; Reichers et al. 2009 ), which is typically 2 × 10 −3 (Marconi & Hunt 2003) . As outlined in Wang et al. (2013) , this evidence was explained as an early phase of galaxy evolution, in which the SMBHs are accreting at their Eddington limit, whereas the quasar stellar bulges are still accumulating their mass via massive star formation.
As stressed by Wang et al. (2013) , the detected [C II] line emission may trace only the intense star forming region in the very centers of quasar host galaxies and not extend as far as the stellar bulge. However, the stellar bulges of QSOs at z > 6 are unlikely to be significantly more extended than the measured sizes of the [C II] emission, since the hosts are not detected beyond the point-spread function in deep HST imaging. Additionally, the large error bars of the deconvolved minor axis and position angle measurements of some of the objects bear significant uncertainties in the inclination angle and in the dynamical mass estimates.
Our results show that, to account for the dust masses observed in high-z starbursts, with standard assumptions regarding the model parameters, larger stellar masses than those inferred from observational data are required. On the other hand, our results have also shown that the large dustto-stellar mass values can be explained with a top-heavy IMF, which could represent an explanation also for the large MBH /M bulge estimated for high-z QSO hosts.
On the detectability of the descendants of high-z QSO hosts
The intense, dust-enshrouded starbursts identifiable with our systems are likely to represent the progenitors of massive galaxies (i.e. with M * > ∼ 10 11 M⊙). This is also supported by our results; the production of large amounts of dust has necessarily to be accompanied by large stellar masses. On the other hand, such starbursts cannot last for periods much longer than ∼ 0.5 Gyr. After such period, sufficient to produce masses of the order of ∼ 10 11 M⊙, the intense starbursts originate massive outflows, halting the star formation. In principle, this means that the descendants of some of our systems may be potentially visible in the form of large, passive systems. It may be of interest to assess whether the sensitivity limits of future surveys may allow us to detect such large, passive systems at high redshift.
By means of a spectrophotomoteric code suited to generate spectra of composite stellar populations (Jimenez et al. 2004) , starting from the star formation history of model M3E11D, we have calculated the evolution of the spectral energy distribution of the model galaxy. The flux emitted at the wavelength λ at the time t by a composite stellar population is:
where FSSP (λ, Z, t ′ ) is the flux of a simple stellar population, characterised by a metallicity Z. The integral above is evaluated between Zi and Z f , representing the initial and final metallicity of the star-forming gas, respectively.
In Fig. 8 , the SEDs computed at various redshifts for our model M3E11D are plotted, together with the magnitude limits of two reference future instruments, the Large Synoptic Survey Telescope (LSST Science Collaboration et al. 2009 ) and Euclid (Laureijs 2011) . To compute the SEDs in Fig. 8 , for our model galaxy we have assumed a formation redshift of z f = 10.
These assumptions imply that the systems observed at z ∼ 6 should be ∼ 0.5 Gyr old; according to the star formation history of our model ME311S, at 0.5 Gyr star formation is about to cease. Fig. 8 shows that, in principle, the massive descendants of the QSO hosts could be detected by both LSST and Euclid out to al least z ∼ 2.5. They could even be detected at larger redshifts (z ∼ 4.56) thanks to the deep portions of these surveys.
In order to assess how many of such systems will be observable by future surveys, we can evaluate the expected integral number N (< m) of descendants of QSO hosts brighter than m.
In a given redshift interval between zmin and zmax, the quantity N (< m) can be calculated from the integral
where Φ(M ) is the luminosity function (LF) and dV is the comoving volume element (Pozzetti et al. 1996; Shimasaku & Fukugita 1998) . The relation between the absolute magnitude M and the apparent magnitude m is
where dL is the luminosity distance expressed in pc, E(z) is the evolutionary correction and K(z) is the K-correction.
To assess the luminosity function of the massive QSO descendants, we use the black hole mass function estimated by Willott et al. (2010b) for a sample of quasars at z ∼ 6. This function is converted into a LF by assuming a fixed MBH /M bulge = 0.0014, i.e. corresponding to the local value (Marconi & Hunt 2003) , by computing the M bulge /L ratio directly from our SEDs, and assuming that the latter quantity is does not vary with the bulge stellar mass M bulge .
In Fig. 9 we show the expected integrated counts in various redshift bins and in the three Euclid near-infrared bands Y , J and H. The dotted vertical lines in Fig. 9 correspond to the magnitude limit of the deep and wide Euclid surveys, i.e. AB magnitudes 26 and 24, respectively.
The largest contribution to the number counts come from the systems at redshift between 0 and 2. In the H band, ∼ 182 systems per square degree are expected at mH = 26; this means that in the area of the Euclid deep survey of 40 square degrees, 7280 objects are expected. The Euclid wide survey has a considerably larger area, of the order of 15000 deg 2 (Laureijs 2011; Majerotto et al. 2012 ); in such an area, ∼ 3.8 10 5 QSO host descendants are expected between z = 0 and z = 2. More problematic is the detection of such objects at larger redshifts: in the J and H bands, ∼ 60 and ∼ 120 objects between z = 4 and z = 6 are expected in the deep portion of the Euclid survey, respectively. Figures 8 and 9 show that the sensitivity of future wide-field surveys is sufficient to provide a complete characterization of the optical to near-IR SED of the descendants of z ∼ 6 QSO hosts. Therefore, although their surface density on the sky will be overwhelmed by that of other galaxies and local stars, accurate SED-fitting procedures would provide reliable photo-z measurements to identify these descendants. It may be interesting to compare our predictions to actual depths and areas reached in existing surveys, i.e. COS-MOS and CANDELS. Overall, given their small areas, we do not expect to detect a significant number of descendants of z ∼ 6 QSOs. In the COSMOS UltraVISTA survey (McCracken et al. 2012 , with an area of ∼1.5 deg 2 ), at H-band magnitude 25 we expect to detect ∼100 QSO descendants in total, with only 1-2 of them at very high-z (4 ≤ z ≤ 6). Similar numbers are expected in the deep pencil-beam CAN-DELS survey (0.2 deg 2 , Grogin et al. 2011) in the H band at magnitude 27.
Finally, it is worth noting that if we had assumed a Lar- Figure 8 . Expected optical/near-IR spectra of the low-redshift descendants of a system hosting a z ∼ 6 QSO. A dynamical mass M dyn = 3 × 10 11 M ⊙ and a Salpeter IMF have been assumed here (model M3E11S in Table 2 ). At z < 5 both star formation and QSO activity have ceased, and the spectra are dominated by passively evolving stars. The sensitivity limits of future surveys performed by LSST and Euclid are shown as horizontal ticks. Upper (lower) ticks connected by a dash-dotted (dashed) line show the magnitude limits to be reached by the LSST and Euclid wide (deep) surveys. Passive systems can be detected and identified as early as z > 4 in the deep portion of those surveys.
son (1998) IMF to compute the spectra, the detectability of the high redshift descendants would be more problematic; in fact, such an IMF causes lower stellar masses and consequently fainter objects. Also the assumption of a larger MBH /M bulge ratio as suggested by some authors (Wang et al. 2013 ) would worsen their detectability, since it would imply a shift of the mass function towards fainter magnitudes, i.e. a lower number density at fixed stellar mass. Figure 9 . Predicted integrated counts of massive QSO descendants in various redshift bins and in three Euclid bands (from top to bottom: Y, J and H band). The counts have been generated by means of a SED calculated for the M3E11S model and the BH mass function determined at z = 6 by Willott et al. (2010b) . In each panel, the solid line represents the total integrated counts, whereas the long-dashed line, the short-dashed line and the dot-dashed line are the counts at redshifts 0 < z < 2, 2 < z < 4 and 4 < z < 6, respectively. The dotted vertical lines at m = 26 and m = 24 correspond to the deep and wide Euclid magnitude limits, respectively.
CONCLUSIONS
The dust content of high-z QSOs is a record of their star formation history. In this paper we have shown how, by studying the dust content of such systems in combination with other observables, such as the neutral gas mass, the molecular gas and the SFR, it is possible to achieve crucial information on their star formation efficiency and derive constraints for other fundamental parameters, such as the dust accretion timescale and their initial stellar mass function. In this paper, we have collected a database of 58 high redshift (z ∼ > 5.7) QSOs from various sources in the literature and discovered by various surveys, including the SDSS, the CFHQS, the NDFWS and the UKIDSS survey and observed in the FIR. For each systems, by means of standard calibration methods, we derived the dust masses, the SFRs, and, when possible, the neutral gas masses and the H2 masses. In a few cases, estimates of the dynamical masses are available. We have interpreted the observed dust masses, gas masses and dynamical masses by means of chemical evolution models designed to reproduce the main features of local elliptical galaxies. These models are tuned to account for the local abundance ratios (e.g., Pipino et al. 2009a ) and the dust content of local early-type galaxies (Calura et al. 2008) , and they have already been used to study the dust budget in one QSO host galaxy at z = 6.4 (Pipino et al. 2011) . We have considered chemical evolution models for galaxies of three different baryonic masses, encompassing the range of dynamical masses derived for high-z QSO hosts. Some fundamental parameters regulating star formation and dust production, including the initial stellar mass function, have been studied in detail when comparing model results with observed data. Our conclusions can be summarized as follows:
• Most of the observed systems present upper limits for the dust masses. For such systems, in general the dust masses, gas masses and SFRs are consistent with the results of our chemical evolution models adopting standard prescriptions for star formation, dust production and a standard, Salpeter IMF. The systems presenting detections for dust masses, SFRs, gas masses and dynamical masses represent the most luminous sources; our standard models fail to reproduce both the dust masses and the SFRs for these peculiar systems.
• To reproduce the high star formation rates at the observed gas masses of such peculiar systems, the star formation efficiency adopted in our standard models needs to be increased. This can be explained qualitatively by means of a "positive" AGN feedback, boosting star formation in the innermost regions of proto-spheroidals (Silk 2005) . The enhanced SF efficiencies found in chemical evolution studies including this process support this conclusion (Pipino et al. 2009a) . By increasing the star formation efficiency, the dust content is reduced owing to more efficient grain destruction by supernovae.
• The dust content of the systems with detections require an average dust yield per stellar mass larger than solar. This can be achieved by increasing the dust growth efficiency and by assuming a top-heavy IMF.
• By assuming a dust growth efficiency an order of magnitude larger than the one implied by studies of the local dust budget, the discrepancy between our models and the observed dataset is reduced. Theoretical studies of dust production in starbursts indicate that, in extreme star formation conditions, larger growth efficiencies can be explained by larger average particle densities in high-z molecular clouds, as well as higher metallicities.
• Beside an enhanced star formation and dust growth efficiency, to fully account for the observed dust masses, a topheavy stellar initial mass function is required. In this work, we have considered a Larson (1998) IMF with a a characteristic mass of 1.2 M⊙. A top-heavy IMF in high-z starbursts can be explained by means of an average Jeans mass larger to the local one, due mostly to less efficient cooling and to a particularly intense UV radiation field. A top-heavy IMF would imply a ten-times solar interstellar metallicity.
No such vale has ever been observed so far, in any environment. In the future, the use of ALMA for the study of diagnostics such as the far-infrared fine-structure emission lines [NII] at 205 µm and [CII] at 158 µm, already used for the analysis of the metal content of a massive starburst at z∼ 4.8 (Nagao et al. 2012) , will be of crucial importance to constrain the metallicity and hence the stellar IMF of high-redshift star-busts.
• The descendants of some of our systems may be potentially visible at lower redshift, in the form of large, passive objects. By means of a spectro-photometric code (Jimenez et al. 2004) , starting from our model star formation history, we computed synthetic spectra for the descendants of the high-z QSO hosts. In principle, the sensitivity limits of deep future surveys such as LSST and Euclid will allow one to reveal such systems already at large redshifts (z > 4). By normalizing their number density to the BH mass function of high-z QSO hosts, we predicted the expected number counts of such objects. Their presence could be significant in the wide Euclid survey, where ∼ 3.8 10 5 QSO host descendants are expected between z = 0 and z = 2.
Future studies of the properties of QSO hosts will be very important to assess the nature of the progenitors of presentday ellipticals, and will serve as valuable benchmark for galaxy formation theories. As forthcoming work, it will be important to use the data collected in this work to investigate the dust content, the SF properties, and the buildup of both the bulge and black hole mass by means of semianalytical galaxy formation models.
